Objective: The objective of this study was to investigate the efficacy and safety profile of levetiracetam as add-on therapy in patients with refractory epilepsy. Methods: Web of Science, MEDLINE (Ovid and PubMed), Cochrane Library, EMBASE, and Google Scholar were systematically searched to identify potential eligible randomized controlled trials by two reviewers independently. Pooled estimates of risk ratios (RRs) for 50%, 75%, and 100% reduction from baseline were calculated using the fixed-effect model or random-effect model. Quality of included studies was assessed with the Cochrane Collaboration's Risk of Bias tool. Serious adverse events and withdrawals induced by interventions and the most common side effects were analyzed. Results: Seventeen trials with a total of 3,205 participants were included in this meta-analysis, including 14 trials for adulthood and three trials for children. Pooled estimates suggested that levetiracetam was an effective anti-epileptic drug at 1,000-3,000 mg/day (RR =2.00 for 1,000 mg/day, RR =2.68 for 2,000 mg/day, RR =2.18 for 3,000 mg/day) for adults and 60 mg/kg/day (RR =2.00) for children compared to placebo in terms of 50% reduction from baseline. Likewise, as for seizure freedom rate, levetiracetam had an advantage over placebo at 1,000-3,000 mg/day (RR =5.84 for 1,000 mg/day, RR =4.55 for 2,000 mg/day, RR =4.57 for 3,000 mg/day, respectively) for adults and 60 mg/kg/day (RR =4.52) for children. Regarding safety profile, patients treated with levetiracetam had significantly higher occurrence than placebo for somnolence, asthenia, dizziness, infection, nasopharyngitis, anxiety, and irritability; however, most studies reported that these adverse events were mild and transient.
Introduction
Epilepsy is a serious neurological disorder, with the prevalence of ~0.5%-1% in developed countries, 1 and it rises up to 7.4% in developing countries because of inferior health care and a higher proportion of children. 2, 3 Maintaining seizure freedom by using a tolerated anti-epileptic drug (AED) schedule is the goal of epilepsy treatment. However, of the 50 million people who suffer epilepsy, nearly one third were treated with available AEDs but due to lack of favorable effect, they still have onsets; this is regarded as "drug-resistant" or "refractory." 4 Besides, side effects induced by AEDs leading to failed adequate seizure control account for 20%-30% of the patients.
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Chen et al As a broad-spectrum AED, levetiracetam ((S)-α-ethyl-2-oxo-1-pyrrolidine acetamide) has unique mechanisms of action that differs from other AEDs. A study published recently revealed that through binding, levetiracetam modulates the activity of synaptic vesicle protein 2A in brain neurons to maintain a normal level, and as a result seizures reduce. 6 Compared to other AEDs, levetiracetam has a favorable pharmacokinetic profile in both adulthood and childhood. After oral administration, levetiracetam will be rapidly and almost 100% absorbed in a few hours; the peak serum concentration is achieved in ~1 hour (0.6-1.3 hours). Mean half-life of levetiracetam is about 6-8 hours in young adulthood and increases to 10-11 hours in elderly patients, and within 24-48 hours, the dose-proportional pharmacokinetic maintains a steady state serum level. One favorable characteristic of levetiracetam is that to date, there are few reports concerning pharmacokinetic drug interactions with levetiracetam in adults and children alike. 7, 8 In comparison with adulthood, body clearance of levetiracetam in childhood is higher of about 30%-40%, and therefore, the recommended dose for children is about 130%-140% of that of adulthood, equivalent to 20-60 mg/kg/day, but should be adjusted according to body weight. 9 Moreover, studies revealed that the pharmacokinetic profile of single-dose levetiracetam in children aged 2-46 months is similar to those aged .4 years, suggesting that levetiracetam could be used in infants and young children. 10 Since introduced in the market in 2000, levetiracetam has become first-line and one of the most commonly prescribed AED and is recommended as add-on agent for partial seizures, benign childhood epilepsy with centrotemporal spikes, and myoclonic epilepsy. 11 This metaanalysis aimed to investigate the effects of levetiracetam as adjunctive therapy for patients suffering from refractory generalized or partial-onset epilepsy.
Materials and methods
This meta-analysis was performed and reported in accordance with the PRISMA. 12 Responder rate (50% reduction from baseline) and seizure freedom (100% reduction from baseline) were the primary outcomes for this meta-analysis. Serious adverse events (SAEs) during treatment induced by interventions and premature termination related to interventions were regarded as the secondary outcomes.
Search strategy and selection criteria
For this systematic review and meta-analysis, following databases were searched from inception up to May 31, 2018 ). Database search was supplemented by manual screening of the references of relevant articles and reviews, and there was no restriction on publication language. Two reviewers (Chen and Bian) assessed the eligible articles independently, disagreements were resolved via discussion and, if necessary, arbitrated by the third reviewer (Zhang).
inclusion criteria
Studies were included only if they meet all the following criteria: 1) involved refractory epilepsy, regardless of age and gender, 2) must be randomized controlled trials (RCTs) that involved levetiracetam, 3) reported at least one efficacy of responder or seize freedom rate, and 4) detailed adverse events (AEs) including dropouts owing to AEs and SAEs were reported.
exclusion criteria
Studies were excluded if they meet any of the following criteria: 1) non-RCT studies such as retrospective and observational studies, 2) compared to other AEDs rather than placebo, 3) not for refractory epilepsy but other diseases such as migraine or autism, 4) not reported detailed efficacy of responder and/or seizure freedom and adverse profile, and 5) conference abstracts, guidelines, editorials, letters, and reviews.
Data extraction and quality evaluation
To standardize the data extraction process, we developed a data collection form with Excel (Office 2013; Microsoft Corporation, Redmond, WA, USA), and following data were extracted from each study: 1) study and demographic characteristics: first author, year of publication, country, sample size, patient age, and ratio of male/female and 2) clinical characteristics: dosage, follow-up period, responder and seizure freedom number, total number of AEs, premature termination owing to AEs, SAEs, and specific side effects reported by more than three trials. Risk of bias for included studies was evaluated with the Cochrane Collaboration's Risk of Bias tool, which covered seven aspects of random sequence generation, allocation concealment, blinding of outcome participants and personnel, blinding of outcome assessment, incomplete outcome data, selective reporting, and other bias. Each RCT was regarded as high, low, or unclear risk 
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Chen et al of bias for these aspects. Quality assessment was performed by two reviewers (Chen and Bian) independently; in case of disagreements, the third reviewer (Zhang) was consulted.
Data synthesis and analysis
Outcomes were reported as risk ratio (RR) with 95% CI, with fixed-effect model if there was no significant heterogeneity identified; 13 otherwise the random-effect model was used to calculate.
14 Heterogeneity across studies was assessed by Cochran's Q test and measured with inconsistency index (I 2 ), value of which was interpreted as follows: 1) 0%-40% was considered as not important, 2) 30%-60% was considered as moderate, 3) 50%-90% was considered as substantial, and 4) 75%-100% was regarded as considerable. 15 A funnel plot was presented to visually evaluate the publication bias, quantified by Egger regression and Begg-Mazumdar test. 16, 17 All randomized participants were analyzed based on intention-totreat patient population, namely in the treatment group they had been allocated, irrespective of the treatment that they actually received. Participants randomized but excluded from analysis were assumed non-responders. If the difference in dosage between studies was slight, then for sake of convenient calculation, we categorize them in the same group; in this case, we would make a specific declaration. Subgroup analyses based on dosage and age were performed as well. A P-value ,0.05 was regarded as statistically significant. Pooled estimates of RRs and corresponding 95% CIs of 50%, 75%, and 100% of seizure reduction from baseline, along with SAEs and dropout due to interventions, were presented in the forest plots. Another measurement for epilepsy treatment is quality of life (QoL), but to date widely accepted instruments to assess it are still lacking; therefore, we did not combine the results of QoL. All analyses were performed with the STATA 14.1 (Stata Corporation, College Station, TX, USA) and the "metan" module of it. 
Results
Literature search
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Chen et al 975 were removed for duplicates. Of the remaining 384 articles, 138 were excluded for conference abstracts, 57 for retrospective or observational studies, and 38 for systematic reviews or meta-analyses. Full-text screening was performed by two reviewers independently and manually, then 128 articles were ruled out for following reasons: 75 studies did not report sufficient data for efficacy or AEs; 11 studies were single-arm trials, and 42 studies were compared to other AEDs such as oxcarbazepine, sulthiame, or carbamazepine rather than placebo. Eventually, a total of 17 RCTs with 3,205 participants were included in the current meta-analysis. 
Study characteristics
Details of demographic and clinical characteristics for 17 RCTs are summarized in Table 1 . Sample size for these trials ranged from 24 to 351. Fourteen trials involved adult patients 2, 5, [18] [19] [20] [21] [22] [23] [24] [25] 27, 31 and three involved children, 10, 26, 28 with age ranging from 1 month to 69 years. Regarding the 14 trials involving adults, the most administered dosages were 1,000, 2,000, and 3,000 mg/day. However, in the trial of Inoue et al, single-arm participants were administered at 500 mg/day. 27 Another exception was in the trial of Betts et al, in which dosage reached 4,000 mg/day. 5 Of the three trials involving children, two used the maximum dosage of 60 mg/kg/day, 26, 28 the remaining one used slightly less, at a maximum of 50 mg/kg/day. 27 In nearly all the included trials, levetiracetam was administered orally twice-daily; the only exception was trial of Peltola et al, in which levetiracetam was administered 1,000 mg/day once daily. 18 Most of the trials lasted at least 16 weeks; however, the trial of Piña-Garza et al only lasted 7 days, which may bring about potential risk of bias for outcomes. 10 Of the 17 RCTs, 15 involved patients with refractory partial-onset seizures, whereas the two others were designed to assess the efficacy for patients with uncontrolled idiopathic generalized epilepsy. 29, 30 Quality assessment of included studies Details of risk of bias for each RCT are presented in Figure 2 . Ten trials were considered as low risk of bias, because sequence generation and allocation method were described. 2, 5, [18] [19] [20] [21] 25, 26, 29, 30 The remaining seven trials were regarded as risk of selection bias, mainly because insufficient information for random list generation and allocation concealment were not reported. 10, [22] [23] [24] 27, 28, 31 All trials were reported to be double-blind trials; however, six trials did not describe the details of approaches applied to blind participants and personnel, then regarded as unclear for risk of bias. 19, [27] [28] [29] [30] [31] Most of the trials were viewed as low risk of bias concerning incomplete outcome data biases; nevertheless, three trials were considered as high risk of bias, for the number of patients reported after treatment was not consistent with the initial number. 5, 10, 31 In general, the quality assessment for all included RCTs was not very high.
50% reduction from baseline
50% reduction from baseline was reported by all RCTs. Pooled estimates suggested that patients treated with levetiracetam had substantial higher responder rate than those with placebo (RR =2.17, 95% CI 1.93-2.43, P,0.05), and heterogeneity test showed that there was no significant different (I 2 =12.9%, P=0.28). Subgroup analysis based on dosage showed that pooled estimates from five trials at 2,000 mg/day possessed the optimal efficacy of the responders (RR =2.68, 95% CI 1.99-3.61), 2, 5, 19, 21, 27 and for other dosages of 1,000, 3,000, and 60 mg/kg/day, they had comparable efficacy (RR =2.00 with 95% CI 1.56-2.57; RR =2.18 with 95% CI 1.84-2.58; and RR =2.00 with 95% CI 1.50-2.67, respectively). Moreover, results suggested that regarding these four dosages, levetiracetam had a considerable advantage over placebo (P,0.05). One trial involved a dosage of 500 mg/day and one involved 4,000 mg/day, and the results suggested that the efficacy was not as good as the other dosages (RR =1.63, 95% CI 0.72-3.68, P=0.24 and RR =1.64, 95% CI 0.59-4.57, P=0.34). Subgroup analysis based on age (,16 years vs .16 years) showed that adult patients treated with levetiracetam had a slightly better efficacy of responder rate than children (RR =2.08, 95% CI 1.83-2.34 and RR =1.94, 95% CI 1.46-2.57). Subgroup analysis according to epilepsy type (generalized vs partial) showed that levetiracetam had a better efficacy of responder rate in patients with partial epilepsy (for partial-onset, RR =2.14, and for generalized epilepsy, RR =1.75). However, there was no statistically significant difference between them (P=0.14). Figure 3 presents the details of responder rate based on dosage.
Seizure freedom from baseline
All RCTs reported details regarding seizure freedom within the treatment period, and pooled estimates demonstrated that levetiracetam behaved considerably better than placebo overall (RR =4.68, 95% CI 3.19-6.85). According to subgroup analysis, dosage of 1,000 mg/day had the best efficacy compared to placebo (RR =5.84, 95% CI 2.28-14.97, P,0.05), followed by the dosages of 2,000, 3,000, and 60 mg/ kg/day with minute difference among these three doses (RR =4.55, 95% CI 1. Figure 4 shows the details of seizure freedom from baseline compared to placebo.
75% reduction from baseline
Besides responder and seizure freedom rates, eight trials reported .75% reduction from baseline, 2,18-23,31 and all of them involved patients of adulthood, with dosage of 1,000, 2,000, and 3,000 mg/day. Overall pooled estimates showed that for 75% reduction from baseline, levetiracetam had a substantial advantage over placebo (RR =4.45, 95% CI 3.16-6.26, P,0.05). Subgroup analysis based on dosage showed that 2,000 and 3,000 mg had comparable efficacy, calculated RRs were 5.87 (95% CI 3.15-10.94) and 5.33 (95% CI 2.37-6.26), respectively. However, heterogeneity test in 3,000 mg group showed higher inconsistency (I 2 =52.2%, P=0.10) than 2,000 mg/day group (I 2 =0.0%, P=0.67), but it did not reach statistical significance. At a dosage of 1,000 mg/day, even though levetiracetam performed inferior to 2,000 and 3,000 mg/day, it is still significantly better than placebo (RR =3.37, 95% CI 2.08-5.44, P,0.05). Details are presented in Figure 5 .
SAe and side effects leading to withdrawal
Almost all studies reported SAEs and withdrawals induced by interventions. As for SAEs, regardless of age and dosage, pooled estimates of RR =0.87 (95% CI 0.67-1.11, P=0.37) suggested that there was no statistically significant difference between levetiracetam and placebo, and heterogeneity test of P=0.56 showed there was no significant heterogeneity was observed across included trials. Our subgroup analysis suggested that there was no statistically significant difference among dosages excepted at 4,000 mg/day, in which RR =0.21 (95% CI 0.03-1.68, P=0.14). Subgroup analysis based on age showed no statistically significant difference between children (RR =0.86, 95% CI 0.36-2.05) and adults (RR =0.89, 95% CI 0.66-1.15), with P=0.95. Analysis according to epilepsy type showed that for partial-onset, RR =0.90 (95% CI 0.68-1.17), and for generalized epilepsy, RR =0.72 (95% CI 0.24-2.19), and difference between them was not significant (P=0.71). Details of SAEs are demonstrated in Figure 6 . 
911
Chen et al
Regarding premature withdrawal, the situation was a little different. The pooled estimates of RR =1.34 (95% CI 1.05-1.71, P=0.02) indicated that discontinuation occurred in patients with levetiracetam and was substantially more common than placebo. Subgroup analysis showed dosages of 1,000, 3,000, and 60 mg/kg/day had comparable RRs, and there was no statistically significant difference between levetiracetam and placebo ( Figure 7) . However, for the dosage of 2,000 mg/day, calculated RR reached 1.92 (95% CI 1.28-2.90), and a P-value of 0.002 showed that withdrawal was significantly more common in patients treated with levetiracetam. Since 2,000 mg/day was the significant factor affected the heterogeneity, it could also explain the discrepancy between children and adults, and the subgroup analysis according to age show that RR for children was 0.89 (95% CI 0.39-2.00, P=0.77), and for adults, it was 1.39 (95% CI 1.07-1.81, P=0.01).
Most common Aes
Eleven AEs were reported by more than four studies, as demonstrated in Table 2 . The most common side effect was somnolence, reported by 13 studies, including all the three trials related to children; RR =1.67 (95% CI 1.37-2.04) and P,0.05 suggested that the occurrence of this side effect was significantly higher in patients treated with levetiracetam. Subgroup analysis based on dosage showed that incidences in dosages of 1,000, 2,000, and 60 mg/kg/day were significantly more common in levetiracetam (P,0.05). With regard to age, the analysis suggested that there was no statistically significant difference (P=0.31) between children and adults 
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Chen et al for this AE, even though children had a higher occurrence of AE than adults (RR =2.11 vs RR =1.54). Asthenia (fatigue) was also more frequent in patients with levetiracetam, and calculated RR =1.38 (95% CI 1.05-1.81, P=0.02) suggested that the statistical difference between levetiracetam and placebo was significant. Subgroup analysis according to dosage suggested that 2,000 mg/day was the most effective dose (RR =1.80); however, the occurrence of AE in levetiracetam group was not significantly higher than in placebo group (P=0.05). Analysis based on age showed that this AE was more common in children (RR =1.74) than in adulthood (RR =1.41), but the differences between them did not reach statistical significance (P=0.05). Another side effect that was widely reported was dizziness (RR =1.50, 95% CI 1.13-2.00, P,0.05). Subgroup analysis suggested that dosage of 1,000 and 2,000 mg/day had the highest occurrence (RR =1.72 and 1.66, respectively); however, none of them reached statistically significant difference (P=0.09 and P=0.10, respectively) compared to placebo. With respect to infection, pooled estimates of RR was 1.56 (95% CI 1.16-2.10, P,0.05) which suggested that there was significant difference between levetiracetam and placebo, and the results from subgroup analysis showed that this side effect was more common for 1,000 mg/day (RR =1.94, P,0.05) and 3,000 mg/ day (RR =2.05, P,0.05). Nasopharyngitis was also a widely reported AE, by nine trials, and RR values through dosages ranged from 1.07 (2,000 mg/day) to 1.62 (3,000 mg/day). Though there was no single dosage substantially higher than placebo, pooled estimates of RR =1.37 (95% CI 1.07-1.77, P,0.05) suggested that occurrence of AE in levetiracetam group was significantly more common. Another AE of nausea was described by seven trials; nevertheless, pooled 
QoL
Apart from efficacy and safety profile, four trials used the 31-item QoL in epilepsy questionnaire 34 to evaluate the improvement of the QoL. 20, 23, 29, 30 Cereghino et al found that for the overall health-related QoL, there was no significant improvement; however, concerning three of seven items of seizure worry, cognitive functioning, and overall QoL, the effect was obvious. 20 Berkovic et al reported in terms of total score; 38.3% of patients treated with levetiracetam had obvious improvement in overall QoL since the start of the study, by contrast, only 28.6% of patients with placebo showed improvement. 30 In the trial of Noachtar et al, except for the social functioning, all of the other subscale scores were higher in the levetiracetam group than in the placebo group. 29 Zhou et al also reported that patients benefited from levetiracetam with regard to QoL according to their study. 23 Levisohn et al explored the cognitive effect by using the Leiter International Performance Scale-revised attention and memory (Leiter-R AM), 35 Wide Range Assessment of Memory and Learning (second edition, WRAML-2), 36 and neither Leiter-R AM nor WRAML-2 showed statistically significant differences between the levetiracetam and placebo groups in changes from baseline to the end of the evaluation period in any of the index scores. 28 
Publication bias
Publication bias evaluation revealed that there was no potential bias across included studies, with Egger's test of P=0.81 and Begg's test of P=0.6.
Discussion
In this meta-analysis, we explored the efficacy, tolerability, and safety profile of levetiracetam based on 17 RCTs. Pooled estimates suggested that levetiracetam had a favorable efficacy for 50%, 75%, and 100% seizure reduction from baseline. For 50% reduction from baseline, dosages of 60 mg/kg/day, 1,000, 2,000, and 3,000 mg/day performed substantially better than placebo; furthermore, the difference was statistically significant. Four trials reported responder rate among levetiracetam group to be substantially higher at 
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Chen et al 1,000 mg/day, 2,18-20 while only one trial reported no statistically significant difference when compared to placebo. 27 As for dosage of 3,000 mg/day, more than half RCTs reported significant improvement in patients treated with levetiracetam, 20, 24, 25, 27 whereas only two trials observed no significant difference between levetiracetam and placebo. 22, 31 Regarding efficacy among children, two of three trials described favorable responder rate at a dose of 60 mg/kg/day, which was equivalent to 3,000 mg/day for adults. 10, 26 According to our analysis, it seemed 1,000 mg/day was the optimal dosage for responder rate in most RCTs. In trial conducted by Boon et al, however, patients treated with 2,000 mg/day had significantly greater responder rate than those treated with 1,000 mg/day (P=0.018). 19 For seizure freedom rate, patients treated with levetiracetam at 60 mg/kg/day, 1,000, 2,000, and 3,000 mg/day performed significantly better than with placebo, and there were three of six trials at 3,000 mg/day 20, 24, 25 and one of three trials 28 involving children observed that levetiracetam had significant greater seizure freedom rate. As for the adverse profile, it seemed that somnolence, asthenia, dizziness, infection, nasopharyngitis, anxiety, and irritability were more common in patients treated with levetiracetam and significantly higher than patients with placebo. However, according to the description of studies, most of these AEs were mild or moderate and did not affect the treatment. Regarding the other six side effects reported by more than three trials of abdominal pain, accident injury, headache, flu syndrome, rash, and diarrhea, results from our analysis suggested that they were more common among patients with placebo than levetiracetam. In most studies, SAE was any AE that was fatal, life-threatening, or permanently or severely disabling or incapacitating, which resulted in prolonged hospitalization. SAEs were not substantially higher in patients treated with levetiracetam, in fact it was even lower (RR =0.87), and subgroup analysis suggested however, because only two trials involved children (the other involved children ,4 years, and lasted a period of 7 days; it was difficult to observe behavior-related side effects), we did not perform comparison between children and adults. Regarding QoL, different measurements used across studies made it difficult to combine the data and to perform a meta-analysis. However, according to studies, it seemed that levetiracetam has some positive effects on QoL, but it is difficult to be sure of the real-life impact of these changes; thus, these conclusions remain to be validated in future.
Two meta-analyses on levetiracetam for refractory partialonset seizures were published earlier. One by Mbizvo et al included 11 RCTs, 32 in which comprised nine for adults and two for children and subgroup analyses were performed based on dosage. The difference between the present meta-analysis and theirs was that we analyzed the 75% and 100% reduction from baseline, after all, the goal of treatment for epilepsy is to achieve seizure freedom. Another difference was that other than the most common side effects and premature discontinuations that were reported, we analyzed SAEs. Besides, our meta-analysis included more trials than previous studies. In summary, our analyses revealed that levetiracetam was an effective anti-epileptic drug, and significantly superior to placebo regarding responder rate at 1000, 2000, and 3000 mg/day for adults and 60 mg/day for children, this was consistent with two earlier meta-analyses. Mbizvo et al found that doses of 2,000 and 4,000 mg/day levetiracetam had higher withdrawal rates, 32 and our analysis suggested that at 2,000 mg/day, levetiracetam had statistically significant higher dropout rate than placebo. Another meta-analysis by Costa et al involved levetiracetam for the treatment of refractory partial-onset seizures, 37 which primarily concentrated on comparison among several AEDs, and not only involved levetiracetam. Moreover, they did not provide subgroup analyses as well as detailed description regarding adverse events.
Limitations
Several limitations existed in the current meta-analysis. First, there were only three trials that involved children and one of them had a study period of only 7 days; hence, the results for children should be regarded with caution. Second, for the treatment of refractory generalized epilepsy, only two trials were included in this meta-analysis, and the results of analyses and comparison were susceptible to one of them. Third, several trials reported detailed efficacy for subtypes, but owing to insufficient data, it was difficult to perform analysis or comparison. Finally, all the included trials were placebo-controlled, thus our meta-analysis lacked comparison with other AEDs.
Conclusion
In summary, findings from the current meta-analysis suggested that levetiracetam at 1,000-3,000 mg/day (for children 60 mg/kg/day) is an effective AED for patients with refractory partial or generalized epilepsy, even in very young children. Moreover, levetiracetam has a favorable safety profile, and most of the AEs are mild or moderate. However, it seems that levetiracetam has a limited improvement in patients' QoL.
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